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Abstract
Most of the existent alarm systems depend on physical or visual contact. The detection area is often limited depending on the type
of the transducer, creating blind spots. Our proposition is a truly volumetric alarm system that can detect any movement in the
intrusion area, based on monitoring the change over time of the impulse response of the room, which acts as an acoustic footprint.
The device depends on an omnidirectional ultrasonic transducer array emitting sweep signals to calculate the impulse response
in short intervals. Any change in the room conditions is monitored through a correlation function. The sensitivity of the alarm
to diﬀerent objects and diﬀerent environments depends on the sweep duration, sweep bandwidth, and sweep interval. Successful
detection of intrusions also depends on the size of the monitoring area and requires an adjustment of emitted ultrasound power.
Strong air ﬂow aﬀects the performance of the alarm. A method for separating moving objects from strong air ﬂow is devised using
an adaptive thresholding on the correlation function involving a series of impulse response measurements. The alarm system can
be also used for ﬁre detection since air ﬂow sourced from heating objects diﬀer from random nature of the present air ﬂow. Several
measurements are made to test the integrity of the alarm in rooms sizing from 834-2080m3 with irregular geometries and various
objects. The proposed system can eﬃciently detect intrusion whilst adequate emitting power is provided.
c© 2015 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientiﬁc Committee of 2015 ICU Metz.
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1. Introduction
This paper details the work that has been done in Barcelona Media to design an ultrasonic alarm system for intruder
detection using impulse response measurements. The system involves the use of a omnidirectional ultrasonic sound
source designed by one of the authors and monitoring the correlation function amongst various impulse response
measurements during predeﬁned intervals. The structure of the paper is the following: a review of relevant literature
about intruder detection is followed by introduction of diﬀerent aspects of the hardware and software. Diﬀerent
measurements and important results that helped to improve the alarm are presented to assess possible uses and required
future work.
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1.1. A review of literature on intrusion detection
Developing simple solutions using cheap sensors has been of interest to security industry since as early as 90s [Epe
(1990)]. Ultrasonic Doppler sensors have provided an easy to way to detect intruders or objects at certain directions
and distances [Ruser (1997)]. This method, however, requires installing several transducers in diﬀerent positions to
be able to cover large areas and might have blind spots where the intruder is not detected due to an intermediate
object obstructing the line of path between the intruder and the transducer. It is possible to combine diﬀerent types
of sensors to improve the sensitivity or stability of these systems. Zhu (1999) details the use of combined near
infrared (NIR) diﬀuse light and ultrasound imaging methods to increase the detection sensitivity and to reduce the
false alarm rate in small target detection. Most of the work done in this ﬁeld is aimed to reduce blind zones where
the ultrasonic transducers cannot detect an object due to their directionality dependent frequency response [Peralta
(2003)]. There are several algorithms to improve the results such as Maguire (2012) and Srinivasan (2012). These
methods still require a number of transducers proportional the volume in question to be protected. Another solution
is to have a sensor network with mobility to cover all possible areas of intrusion [Kim (2006),Duran (2010)]. These
methods eliminate probable blind spots while incrementing the overall complexity of the intrusion detection, requiring
simultaneous localisation and mapping (SLAM), to be able to move autonomously, and algorithms that are not easy to
implement [KimYoon (2006)]. However, a viable intrusion detection system should avoid such complexity to reduce
costs and increase stability. It is possible to gather all the sensors required by a static system together, for simpliﬁcation
of the installation process; nonetheless, these algorithms are still prone to blind spots depending on the geometry of
the environment and usually dedicated to non-security applications [Caicedo (2012)]. An interesting solution that
oﬀers sensor data fusion and possible elimination of blind spots is given in Ruser and Magori (1998) which not only
detects intruders but also possible ﬁres. Fire detection has similar aspects to intruder detection and similar methods to
listed above are also deployed in ﬁre detection [Luo (2002),Luo (2007)]
1.2. Work done by Barcelona Media on intrusion detection
The alarm system was initially based on emitting an audible sweep periodically in time and recording it on site.
The detection process is done by calculating the impulse response of the room stimulated by the train of sweeps
and observing the changes in impulse response over time. Research carried out with audible sound, but suﬀered
from susceptibility to noise in the audible range and had the disadvantage of emitting an audible sound while the
alarm is running. Ultrasounds, on the contrary, are not susceptible to audible noise and cannot be heard by humans.
On this account, several tests using sweeps in the ultrasonic range were executed and the results were analysed
accordingly. The testing required the use of an omnidirectional ultrasonic sound source, built by one of the authors
[Sayin (2013)], consisting of an array of ultrasonic transducers connected in a spherical formation. This ultrasonic
array is primarily used as a parametric loudspeaker for creating omnidirectional audible sounds, but its omnidirectional
nature in ultrasonic range compliments perfectly the algorithm that requires IR response measurements of the relevant
space for intrusion detection. A early prototype is shown in Figure 1.
Fig. 1. The prototype of omnidirectional source made by Barcelona Media. It holds 50 transducers of 10mm diameter, and has a diameter of 5cm.
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2. Methodology
The signals used to perform the test are logarithmic sweeps with variable length and frequency range. Once the
emitted sweep is recorded, the IR analysis is done as follows:
• For each recorded sweep the impulse response is calculated (computing the convolution between the recorded
sweep and the inverse logarithmic sweep)
• then the correlation between the impulse responses versus time is calculated as follows:
C[IR1, IR2] =
∫ t f
t0
IR1(t)IR2(t)dt
[∫ t f
t0
IR21(t)dt
∫ t f
t0
IR22(t)dt
]1/2 (1)
where IR1 and IR2 are two consecutive impulse responses. When the room is empty the value of correlation
between sweeps is expected to be more or less constant and close to C  1; when the intruder is present we
expect a change in the room response and so a change in the correlation C < 1.
3. Results and Analysis
During the measurements various factors were investigated, including the optimal values for the parameters of the
algorithms, such as sweep duration, sweep interval, frequency range and emitted power. These values alter the power
needed for each room size, and, the inﬂuence of external factors such as noise, temperature, airﬂow and help possible
improvement of the algorithms. The intrusion detection system was tested in diﬀerent rooms, ranging 834-2080 m3
with irregular geometries and various objects, with a ultrasonic pressure levels between 120-130 dBSPL. An example
of an intrusion test is reported in Figure 2. In the example plots value of 1 −C is plotted for ease of analysis.
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Fig. 2. Example of an intrusion pattern. The x-axis corresponds to time, where each point corresponds to 10 measurements, and approximately to
1 second. The horizontal (green) lines set the detection threshold. The vertical (red) lines indicate the intrusion region (central part of the plot).
So far the prototype has shown high accuracy when the room conditions are stable, specially in small to medium
sized rooms. It is immune to external audible noise, and can detect intruders even in shadow areas. The alarm does
not need any calibration. The main challenge is the presence of air ﬂow. If an air ﬂow is present (due to thermal
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currents or air conditioning) the performance of the alarm decreases rapidly with the room size. For smaller rooms it
is still possible to detect the intrusion in presence of airﬂow.
4. Future work
The following tasks are planned to complete to improve the intrusion detection system:
• Improving the algorithms. Although progress has been made, more work is required on the algorithm to discard
the eﬀect of the air ﬂow for intrusion applications. Also, within the same goal, further tests are required for
algorithms that use simultaneous measurement data coming from multiple sensors or diﬀerent intruders in the
same place.
• Further testing in rooms. So far the transducer array has been tested extensively in small to medium sized
rooms, but systematic testing in big rooms (like warehouses) is still missing.
• Considering the possibility of new prototypes. Investigating new prototype conﬁgurations which may increase
the emitted power with possibly diﬀerent transducer geometries.
Also, it also remains to be seen the eﬀect of the alarm system on pets.
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